Environmental modelling and spatial landscape analysis for the contamination risk assessment of sensitive areas by Abdelaal, Ahmed et al.
9 
ENVIRONMENTAL MODELLING AND 
SPATIAL LANDSCAPE ANALYSIS FOR THE 
CONTAMINATION RISK ASSESSMENT OF 
SENSITIVE AREAS
Ahmed Abdelaal1,2, Péter Szilassi2, Győző Jordan3
1 Department of Geology, South Valley University, Qena, Egypt
2 Department of Physical Geography and Geoinformatics, University of Szeged, Szeged, Hungary
3 Department of Chemistry and Biochemistry, Institute of Environmental Science,  
  Szent István University, Gödöllő, Hungary 
e-mail: ak_elmalt@yahoo.com
ABSTRACT
This study evaluates the EU MWD Pre-selection Protocol (Stanley et al., 2011) by applying it to real-life cases and adopting 
it to country-speciﬁc conditions (Abdaal et al., 2013). Altogether 145 ore mine waste sites in Hungary were selected for 
scientiﬁc testing and evaluation using the EU MWD Pre-selection Protocol. Key parameters, formulated as questions in the 
EU MWD Pre-selection Protocol, are linked to a GIS system and key parameters such as the topographic slope and distance 
to the nearest surface and groundwater bodies, to settlements and the Natura 2000 protected areas were calculated and 
statistically evaluated in order to adjust the RA models to country-speciﬁc conditions in Hungary. In order to assess the 
sensitivity of mine waste site risk assessment in response to various methods the EU MWD Pre-selection Protocol was 
compared to the European Environmental Agency (EEA) Preliminary Risk Assessment Model for Soil contamination in 
Europe (PRAMS). As the second component of the research project, the heavy metal contamination risk assessment (RA) 
based on actual laboratory analysis of collected samples was performed for selected 30 min-quarry waste sites in order 
to study the inert characteristics of the potentially generated mine wastes, in accordance with the EU MWD legislation. 
In addition to detailed geochemical study, spatial analysis using ArcGIS was performed to derive a geochemically sound 
contamination RA of these mine waste sites. As the third component of this research, the relationship between selected 
water quality variables (e.g. Ni, Mn, Cr, Zn and conductivity) in streams nearby the studied 33 mining waste sites and the 
landscape metrics of watersheds of these mining sites was investigated and analysed. It is concluded that the Mean Shape 
Index (MSI) and the Main Fractal Dimension Index (MFRACT) are the most important “key” landscape indcies in years 2000 
and 2006 respectively, from the stream water quality heavy metal contamination point of view.
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Key parameters
SO
U
RC
E
Size: Area X X X X X   X X  X 8
Heavy metals (total) X X X X X X X 7
Size: Volume (m3) X X X X X X 6
Waste type (tailings lagoon or heap) X X X X X 5
Soil X X X X X 5
Slope X X X X 4
Mining: Years of activity X X X 3
Sulphide Minerals X X 2
Chemicals (processing) X X 2
Rehabilitation X  X  2
PA
TH
W
AY
Surface water (lakes and streams) X X X X X X   X X X 9
Air X X X X X X X 7
Groundwater X X X X X X 6
Direct contact X X X X X X 6
Distance to surface water bodies X X X X X X 6
Distance to groundwater bodies X X X 3
Distance to  the nearest settlements X X X 3
Distance to Natura 2000 sites X X X 3
Permeability of layers beneath the site X X 2
Erosion/wind transport X 1
RE
CE
PT
O
R
Human (health, population) X X X X X X X X   X 9
Ecosystem (protected) X X X X X X X X 8
Groundwater X X X X X X 6
Toxicity analysis X X X X X X 6
Surface water X X X X X 5
Land use X X X X 4
Vulnerability     X   X   X 3
Table 1 – Comparing the key parameters of some recognized pre-screening RA methods for mine waste sites.
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2.1. Contamination Risk Assessment Methods in 
landscapes
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2.1.1. EU MWD Pre-selection Protocol 
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Figure 1 – The EU MWD Pre-selection Protocol ?owchart (Stanley et al., 2011).
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Figure 2 – Surface permeability map developed to answer question Q12 of the EU Pre-selection Protocol. A. Surface permeability 
map for Hungary. Solid box shows location of Figure 2B. B. An example for the Recsk Mining Area in the Parádi-Tarna Creek 
catchment.
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2.1.3. Risk Assessment sensitivity 
analysis: numerical comparison of 
methods
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Figure 4 – A. Mine waste sites in Hungary considered in this study. Solid box shows 
location of Figure 4B. B. Distance measurement from the waste sites (polygon 
centroid) to the nearest settlement (1), surface water lake (2), stream (3) and to the 
nearest Natura 2000 protected area (4).
Figure 3 – Polygons of the mine waste sites de)ned from the CORINE land cover 
map (CLC 2000) overlaid by Google Earth® aerial photographs (2010-2011) to answer 
EU Pre-selection Protocol questions Q13-14 on the air and direct contact pathways 
related to the cover of tailings. Example shows the Ajka alumina plant tailings lagoon. 
Note that cells 9 and 10 are not covered while cells 1-8 have been rehabilitated with 
soil and plant cover
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2.2. Waste rock geochemical characterization and 
risk mapping 
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Figure 5 – Examples of rock formations (as polygons) and locations of )eld sampling 
from abandoned mines and active quarries in Hungary. A. Pula Alginite Formation, B. 
Gánt Bauxite Formation, C. Lignite Formation at Visonta, D. Andesite Formation in the 
Tokaj Mts., E. Peat formation at Pölöske, F. Clay Formation at Máza
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3. Results
3.1. EU MWD Pre-selection Protocol Risk assesment 
using the EU thresholds
ȱȱȱȱȱȱ
ȱȱȬȱȱȱȱ
ȱȱ ȱǯȱȱęȱȱȱȱȬ
ȱȱȱǻȱǂȱśǰȱŗȱȱȬ
ȱȱȱȱȱȱȱȱ
ĴȱǃȱŗŖŖǰȱȱřǼǯȱȱȱȱ
ȱȱȱęȱ¢ȱǻŗǼȱȱȬ
ȱȱȱȱȱȱǻȱ
ǻŗŖǼȱȱȱ ȱȱȱȱȱ
ȱȱǻŗŗǰȱŗśȬŗŞǼǼȱȬ
ȱȱȱǻȱ
ȱȱȱȱȱ¢ȱȬ
Rock group Rock type Number of waste sites Number of samples Inert-Not Inert ranking
Coal
Lignite 2 10 C
Black Coal 2 7 C
Peat 4 9 C
Alginite 2 5 B
Bauxite 2 6 B
Rhyolite tuﬀs 2 6 B
Clay
Clay 4 8 A-B
Bentonite clay 1 1 A
Andesite 14 37 B
Limestone 1 4 A
Table 2 – Showing the inert-not inert classi)cation of the listed rock formations based on preliminary expert judgment. A: inert; B: 
probably inert, but has to be checked; C: probably not inert, has to be examined. Number of waste sites and )eld samples for each 
rock group are shown.
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Pre-selection Protocol
Number 
of Sites
EU thresholds
Local thresholds 
(Median-based)
Local thresholds 
(Highest group) U U %
YES NO YES NO YES NO
Impact Q1 145 19 126 19 126 19 126 0 0
So
ur
ce
Q2 145 101 40 101 40 101 40 4 3
Q3 145 126 15 126 15 126 15 4 3
Q4 145 7 138 7 138 7 138 0 0
Q5 145 9 136 9 136 9 136 0 0
Q6 9 9 0 9 0 9 0 0 0
Q7 9 4 2 4 2 4 2 3 33
Q8 136 34 92 34 92 34 92 10 7
Q9 136 9 115 9 115 9 115 12 9
Q10 136 110 26 74 62 2 134 0 0
Pa
th
w
ay
Q11 145 64 81 73 72 144 1 0 0
Q12 145 120 25 120 25 120 25 0 0
Q13 145 17 128 17 128 17 128 0 0
Q14 145 17 128 17 128 17 128 0 0
Re
ce
pt
or
Q15 145 45 100 73 72 141 4 0 0
Q16 145 28 117 73 72 142 3 0 0
Q17 145 131 14 112 33 142 3 0 0
Q18 145 84 61 73 72 142 3 0 0
Table 3 – Summary statistics of the EU MWD Pre-selection Protocol responses of questions Q1-18, showing the number of YES 
and NO responses based on the EU MWD Pre-selection Protocol thresholds, and the local median-based thresholds and on the local 
highest group-based thresholds. The number (U) and percentage of certain to uncertain (U%) responses for each question are based 
on the number of UNKNOWN responses. Bold indicates questions and statistics depending on the thresholds.
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Figure 6 – Distribution analyses for the EU MWD Pre-selection Protocol parameters 
with histograms, scatterplots, box-whisker and cumulative probability plots. 
Vertical lines show sub-groups (G1, G2,…) identi)ed by the natural-breaks found 
in the cumulative probability plots, corresponding to local minima in the frequency 
histograms. Dotted line shows the EU MWD Pre-selection Protocol threshold, dashed 
line shows the median, thin solid line shows the median in all sites and thick solid 
line indicates the highest group boundary, both used for de)ning thresholds for 
the questions in the protocol. See text for details. A. Distribution analysis for slope 
(question Q10). B. Distribution analysis for distance to the nearest surface water 
course (question Q11). C. Distribution analysis for distance to the nearest settlement 
(question Q15). D. Distribution analysis for the total site ranking classes based on the 
number of YES responses and using median-based local threshold.
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Question
Class boundaries  
(local thresholds)
Topographic slope below waste 
site (degree) 
Median of 
class
Median of all 
sites 
(local 
thresholds)
Number of 
sites
Q10
>25 25–29 29
10o
3
20–25 20–24 22 8
9–20 9–19 14 64
<9 0–9 5 70
Q11
Distance to the nearest 
surface water course (m)
760
<500 11–481 270 57
500–2000 531–1997 1089 66
2000–3604 2029–3014 2457 19
>3604 3604–4021 3643 3
Q15
Distance to the nearest 
settlement (m) 
1,722
<686 0–582 319 33
686–1478 686–1462 1119 37
1478–3604 1478–3305 2618 66
>3604 3604–4367 4083 9
Q16
Distance to the groundwater
 bodies of 'poor status' (m)
6,044
0 0 0 25
14–9541 14–9541 5687 85
9541–11692 9545–11055 10005 28
>11692 11692–23771 13635 7
Q17
Distance to the nearest   
Natura2000 sites (m)
470
0 0 0 91
13–1299 13–1299 470 42
1480–1725 1480–1725 1612 6
>2294 2294–6526 2732 6
Q18
Distance to the nearest 
agricultural areas (m)
612
<1064 0–861 167 81
1064–2585 1064–2272 1515 28
2585–3688 2585–3402 3128 31
>3688 3688–3976 3956 4
Table 4 – Class boundaries of the EU MWD Pre-selection Protocol parameters based on the natural-breaks found in the parameter 
distribution plots (see Fig. 6). Class boundaries are used to de)ne thresholds adapted to local conditions (in Hungary in this case). The 
highest class boundary and the median of all sites value local thresholds are discussed in this study. Number of sites falling within 
each natural class helps guiding the selection of the proper threshold. See text for details.
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3.2. EU MWD Pre-selection Protocol Risk 
assessment using the local thresholds
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PRAMS (Tier 0) Questions Number of sites YES NO U U %
Are natural ecosystems of European concern aﬀected? A1 145 19 126 0 0
Is contamination impact on surface water such that reaching 
the target set according to the EU Water Framework Directive 
prevented?
A2 145 0 19 126 87
Is contamination in the "groundwater body" (working unit of the 
Groundwater Directive) such that "good status" (as deﬁned in the
Groundwater Directive) cannot be reached?
A3 145 122 23 0 0
Is safety of food products brought on EU markets (exported outside 
the area) aﬀected?
A4 145 0 145 0 0
Is the contamination, because of impacts on human and/or 
environmental health, leading to use restrictions blocking* regional 
social and economical development (as supported by EU structural 
funds)?
A5 145 0 145 0 0
May the area, upon meeting at least one of the A criteria, and 
according to your expert judgment, be classiﬁed as a problem area 
of EU interest?
A6 145 19 126 0 0
Dimension of potentially aﬀected problem area B1
Known data
Single site: Size of contaminated or suspected contaminated site 
(Surface (ha) and Waste volume (m3)
B2
Complexity of problem area (contaminated or suspected 
contaminated multiple sites/multiple ownerships)
B3
May the area, according to your expert judgment and upon checking 
B criteria, be classiﬁed as a problem area of EU interest?
B4 145 88 57 0 0
Table 5 – Summary statistics of ‘A’ and ‘B’ criteria of the Pre-screening of problem areas of the EEA PRAMS (Tier 0) model, showing 
the number of YES, NO and UNKNOWN (U) responses and the percentage of uncertain to certain (U %) responses for each question.
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3.3. Pre-screening (Tier 0) EEA PRAMS Risk 
Assessment Model
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3.4. Sensitivity and uncertainty analysis of the EU 
MWD Pre-selection Protocol
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Class EU thresholds Number of sites
local thresholds 
(Median-based)
Number of sites
5 3–4 13 2–3 3
4 5 41 4–5 25
3 6–7 48 6 35
2 8–9 28 7–8 62
1 10–12 15 9–13 20
No Pathway 18 16
Examine further 127 129
Table 6 – Site ranking classi)cation based on the number of YES responses of the EU MWD Pre-selection Protocol using the original 
EU thresholds and the local median-based thresholds with risk classes, according to Fig. 6D. The number of waste sites in each class is 
also shown.
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3.5. A preliminary risk-based ranking based on the 
EU MWD Pre-selection Protocol
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3.6. Waste geochemical characterization of the 
selected 30 mine – quarry waste sites
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As Cd Co Cr Cu Mo Ni Pb V Zn
Min 0.6 0.06 0.018 0.537 0.766 0.2 0.4 1.15 3 0.1
LQ 1.54 0.073 2.92 2.58 6.8 0.2 1.88 4.56 5.48 14.4
Med 3.93 0.117 5.12 8.11 12.3 0.2 4.79 7.08 18.4 24.6
UQ 14.3 0.22 9.98 21 20.5 0.2 26.4 14.3 38 46.1
IQR 12.76 0.152 7.06 18.42 13.7 0 24.52 9.74 32.52 31.7
Max 247 6.07 416 1185 573 24.3 1570 468 158 1690
Mean 18.17 0.33 19.92 56.24 34.16 1.08 60.89 23.4 28.91 84.28
Range 246.4 6.01 415.9 1184.4 572.2 24.1 1569.6 466.8 155 1689.9
SD 43.31 0.87 63.67 170.09 92.44 2.96 223.3 68.72 31.64 255.83
MAD 3.07 0.057 3.52 6.34 5.7 0 4.25 3.84 13.94 15.8
Mode 0.6 0.06 11.5 13.9 0.2 0.4 3 0.1
Range/Med 62.69 51.36 81.24 146.04 46.52 120.5 327.68 65.93 8.42 68.69
IQR/Med 3.24 1.29 1.37 2.27 1.11 0 5.119 1.37 1.76 1.28
MAD/Med 0.78 0.48 0.68 0.78 0.46 0 0.88 0.54 0.75 0.64
Environmental standard values in Hungary and the European Top Soil Baseline Values (FOREGS Atlas)
Tolerated limit in 
Soils, Hungary
15 1 30 75 75 7 40 100 200
EU
 F
OR
EG
S
Min <0.5 <0.01 <1 1 1 <0.1 <2 <3 4
Max 220 14.1 255 2340 239 21.3 2560 886 2270
Med 6 0.145 7 22 12 0.62 14 15 48
Mean 9.88 0.28 8.91 32.6 16.4 0.94 30.7 23.9 60.9
Table 7 – Summary statistics of heavy metal concentrations from the mine waste sites (aqua regia extraction in mg/kg) in respect 
to the environmental limit values in Hungary and the European Top Soil Baseline Values. Minimum (MIN), maximum (MAX), median 
(MED) and spread expressed as median absolute deviation (MAD), lower quartile (LQ), upper quartile (UQ), Interquartile range (IQR), 
Standard deviation (SD). Bold )gures show those heavy metal concentrations higher than the environmental standard limits (i.e. the 
tolerated limit in Hungarian soils or EU FOREGS Geochemical Atlas baseline value for top soils).
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Figure 7 – Distribution of the relative mobility (%) of heavy metals in the various sampled rock formations.
Figure 8 – Ficklin Diagram showing the sum of heavy metals Zn, Cr, Cd, Pb, Co and Ni plotted against pH in the deionized water 
leaching (DW). Note that acid generation potential (pH<5.5) is for coal, lignite and peat rocks, in addition to a bauxite sample. 
Elevated mobile heavy metal content is associated with coal, andesite and some clay and a bauxite samples. (See text for details.)
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3.7. Linkage between heavy metal contamination 
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 Ni Mn Conductivity
 Min Med Avg Max Min Med Avg Max Min Med Avg Max
NP 0.21 0.20 0.40 0.40 0.77 0.40 –0.60 –0.80 0.00 0.40 –0.20 –0.40
CA –0.63 –0.20 0.40 0.40 0.26 –0.40 –1.00 –0.80 0.80 0.40 0.20 –0.40
MPS –0.95 –0.40 0.20 0.20 –0.26 –0.80 –0.80 –0.40 1.00 0.20 0.40 –0.20
PSSD –0.95 –0.40 0.20 0.20 –0.26 –0.80 –0.80 –0.40 1.00 0.20 0.40 –0.20
TE –0.63 –0.20 0.40 0.40 0.26 –0.40 –1.00 –0.80 0.80 0.40 0.20 –0.40
MPE –0.63 –0.20 0.40 0.40 0.26 –0.40 –1.00 –0.80 0.80 0.40 0.20 –0.40
MSI 0.21 1.00 –0.80 –0.80 –0.26 0.00 0.20 0.40 –0.40 –0.80 –1.00 –0.80
MPAR 0.63 0.20 –0.40 –0.40 –0.26 0.40 1.00 0.80 –0.80 –0.40 –0.20 0.40
MFRACT 0.95 0.40 –0.20 –0.20 0.26 0.80 0.80 0.40 –1.00 –0.20 –0.40 0.20
DIVISION 0.63 –0.60 0.80 0.80 0.77 0.80 0.20 –0.40 –0.40 0.80 0.60 0.80
SPLIT 0.63 –0.60 0.80 0.80 0.77 0.80 0.20 –0.40 –0.40 0.80 0.60 0.80
MESH –0.95 0.00 –0.40 –0.40 –0.77 –1.00 –0.40 0.20 0.80 –0.40 0.00 –0.40
CLC1% 0.11 0.40 –0.80 –0.80 –0.77 –0.20 0.80 1.00 –0.40 –0.80 –0.40 0.00
CLC2% 0.95 0.40 –0.20 –0.20 0.26 0.80 0.80 0.40 –1.00 –0.20 –0.40 0.20
CLC3% –0.95 –0.40 0.20 0.20 –0.26 –0.80 –0.80 –0.40 1.00 0.20 0.40 –0.20
Table 8 – The Spearman’s rank correlation between the water quality variables (heavy metals) and the landscape metrics data of 
2000. Signi)cant (p<0.05) correlation coe|cients are in bold.
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 Ni Mn Conductivity
 Min Med Avg Max Min Med Avg Max Min Med Avg Max
NP –0.42 0.31 0.00 0.25 –0.88 –0.72 –0.71 –0.43 0.10 0.02 0.05 –0.02
CA –0.63 0.12 –0.26 –0.02 –0.95 –0.85 –0.55 –0.31 0.02 –0.07 –0.07 –0.05
MPS –0.49 –0.24 –0.19 –0.13 –0.68 –0.52 –0.48 –0.38 0.05 –0.48 –0.21 –0.17
PSSD –0.68 –0.07 –0.29 –0.14 –0.85 –0.73 –0.57 –0.33 0.00 –0.31 –0.24 –0.19
TE –0.42 0.40 –0.02 0.19 –0.85 –0.74 –0.67 –0.45 0.17 0.07 0.10 0.10
MPE –0.54 –0.14 –0.26 –0.07 –0.85 –0.66 –0.62 –0.45 –0.02 –0.33 –0.17 –0.10
MSI –0.66 –0.42 –0.59 –0.42 –0.32 –0.19 0.13 0.54 –0.90 –0.52 –0.85 –0.84
MPAR 0.08 –0.68 0.19 0.05 0.25 0.54 –0.10 0.07 –0.36 –0.85 –0.56 –0.79
MFRACT –0.38 –0.57 –0.45 –0.47 0.17 0.28 0.40 0.69 –0.93 –0.67 –0.93 –0.93
DIVISION 0.92 0.50 0.76 0.66 0.56 0.54 0.05 –0.24 0.52 0.50 0.71 0.55
SPLIT 0.92 0.50 0.76 0.66 0.56 0.54 0.05 –0.24 0.52 0.50 0.71 0.55
MESH –0.68 –0.07 –0.29 –0.14 –0.85 –0.73 –0.57 –0.33 0.00 –0.31 –0.24 –0.19
CLC1 % 0.36 0.29 0.17 0.16 0.51 0.30 0.60 0.55 –0.02 0.57 0.26 0.12
CLC2% 0.52 0.50 0.48 0.47 0.44 0.41 0.19 0.24 0.00 0.40 0.24 0.02
CLC3 % –0.56 –0.48 –0.50 –0.51 –0.44 –0.37 –0.21 –0.21 –0.12 –0.52 –0.38 –0.14
Table 9 – The Spearman’s rank correlation between the water quality variables (heavy metals) and the landscape metrics of 2006. 
Signi)cant (p<0.05) correlation coe|cients are in bold.
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